In the previous study, by the same authors, titled ''A new process damping model (PDM) for chatter vibration (Measurement, 44 (8) (2011(Measurement, 44 (8) ( ) 1342(Measurement, 44 (8) ( -1348'', a new approach has been presented for obtaining process damping ratios (PDRs). This PDM has been constituted on the basis of the shear angle ðuÞ oscillations of the cutting tool and the alteration of the penetration forces when they penetrate into the wavy surface. Variation and quantity of PDR are predicted by reverse running analytical calculation procedure of traditional Stability Lobe Diagrams (SLDs). In this study, firstly, how the PDM in previous study results with different materials such as AISI-1050 and Al-7075 are examined. Then, two problems are solved: how much of the total PDR of cutting system is caused by the tool penetration and how much is caused by ðuÞ oscillation? Finally, verification of PDR values and PDM are performed by energy equations.
Introduction
To obtain the final shapes of mechanical parts by turning operations are very important in present-day manufacturing. Examples of this metal cutting process can be found in the automotive, aerospace, and the mold and die industries [1] . However, one of the main factors limiting productivity in milling is the vibration of the system machine tool, spindle, tool holder, and tool, mainly due to a lack of dynamic stiffness. Regenerative chatter, a self excited vibration in operations where the tool cuts a previously machined surface, is the most common problem. The consequences are poor surface quality, inaccuracy, loud noise, excessive tool wear, machine tool damage, increased costs in terms of time, materials, and energy, and the environmental and economic impact of sanding marks, dumping non-valid final parts or repeating the metal removal operation [2] .
Early research on chatter started with Taylor [3] , Arnold [4] and Hahn [5] in the early part of the 20th century. Chatter was thought by some to be negative damping in the machining process [6] whilst others have more recently claimed that in the case of titanium milling the oscillation in forces as the result of segmented chip formation can initiate chatter [7] , but is widely understood to be a function of the system dynamics and the cutting parameters [6, 8] .
A simple way to avoid regenerative chatter in machining is to select stable cutting conditions. A stability map can be generated, to show the combinations of width of cut and cutting speed where stable cutting conditions are found. Another successful strategy involves mitigation of chatter at lower surface speeds, utilizing process damping by tool-workpiece contact [9] . Most machining operations are conducted in low speeds (typically less than 300 m/min) range for hard materials, for instance titanium and nickel alloys. Certain operations take place in this range for softer materials also, e.g. grooving for carbon steels. When the tool or workpiece vibrates during cutting, waves are generated on the workpiece surface as a result [10] .
Process damping force occurs in a section between tool cutting edge and wavy surface during the dynamic cutting. However, as it is not linear, the modeling of the process is still arduous and the basic subject matter has not fully been comprehended though it is recognized why and how this force is produced. The main subject of analytical calculation of process damping for chatter vibration is to research how and why the process damping occurs in chatter vibrations under low cutting speed conditions. Answers to those questions could not be found in the former research available in literature [11] [12] [13] [14] . Since how the process damping affects the orthogonal cutting is not clearly understood, the additional effect of the process damping to the cutting system's structural damping could not be determined as well. In our previous study [15] , a complex dynamic system is modeled prior to the orthogonal cutting which forms a mechanical cutting basis for all cutting processes in general. The complex dynamic system consists of dynamic cutting system force model which is based on the shear angle ðuÞ oscillations and the penetration forces which are caused by the tool flank contact with the wavy surface. Static and Dynamic Cutting Force Coefficients (DCFCs) are obtained by using the dynamic cutting force model. Using these coefficients in the motion equations derived for the stability analysis increased the total PDR of the system. The complex PDM is developed through considering that it is derived from the shear angle ðuÞ oscillations of dynamic cutting system and the penetration of tool to the wavy surface. PDR of the available cutting system are can be obtained by this complex PDM for different workpiece materials and cutting tools. Obtaining of the PDR values is achieved for the stability analysis in turning and milling conversely. Additionally the verification of PDM is analyzed after having found the total PDR with this procedure and how much is caused by tool penetration and how much by the alteration of cutting angle is found [15, 16] . In this study, primarily the results of PDM with diversified materials such as AISI-1050 and Al-7075. The reason is to investigate according to what features of workpiece material the PDR changes.
Process damping investigation from experimental results
In this study, a system of orthogonal cutting was dealt with as a SDOF. Analytical modeling of this system and investigation of its stability were conducted in two different forms. The movement of the tool in dominant direction for SDOF system was considered because the natural frequency of the tool in another direction was very low in relation to the dominant direction. For this reason, it was accepted that the movement in this direction had no effect on stability limit of orthogonal cutting. Some simplifications were made in order to obtain a useful system model.
Values of natural frequency, stiffness coefficient and structural damping ratio (x n , k, f str ) respectively are obtained by the modal analysis measurements and values of chatter frequency and stability maximum axial depth (x c , a lim ) respectively are obtained by cutting tests as given in Table 1 . Modal parameters were determined by using a modal test, CutPro Table 2 provides (a lim ) values in low and middle cutting speeds which obtained suitable spindle speed. Table 2 shows that when spindle speeds increase, the values of (a lim ) decrease since PDR decrease as well.
The dashed asymptotic curves in Figs. 3 and 4 are obtained by using the PDM that developed in values [15, 16] in Tables 1 and 2 . These asymptotic curves give stable cutting depths in different spindle speeds. The continuous asymptotic curves are plotted by using to (a lim ) values of dynamic cutting tests. Also, the dashdot lines are plotted by using the known procedure for SLD in [17] . These dashdot lines define to minimum values of the lobes.
Decomposition of process damping ratios
PDR for stable spindle speeds and cutting depths of the cutting tests are total process damping ratios (f sT ) values of the dynamic cutting system. These (f sT ) values contain two different types of PDRs which occur by change of the shear angle ðuÞ of cutting system and penetration volume (V h ) of tool. Table 3 gives (f sT ) values for workpieces with AISI-1050 and Al-7075 materials. These (f sT ) values have been obtained from the PDM in [15, 16] .
If the total PDR (f sT ) values in Table 3 contain two different types of PDR which occur by changing the shear angle ðuÞ of the cutting system and penetration volume (V h ) of tool we can express as:
where (f su ) occurs by changing the shear angle ðuÞ of the cutting system, (f sp ) occurs by changing the penetration volume (V h ) of tool. Also, total damping ratios (f T ) of the cutting system can be expressed as:
where (f str ) is the structural damping ratio of the cutting system. Motion equations of the dynamic cutting system according to total damping ratio (f T ) or total damping coefficient ðc t ¼ 2 ffiffiffiffiffiffiffi km p Þ of the cutting system can be expressed as Eq. (3) [15, 16] : 
where K t and K f are tangential cutting force coefficient and the feed force coefficient (N/m 2 ). The shear angle ðuÞ oscillation could be investigated depending on the variation of cutting tool rake angle as in Fig. 5 .
As it is seen on Fig. 5 , when the tool vibration activity is considered as a sinusoidal curve, it will reach the maximum penetration bulk on 1/2 period of activity. Accordingly, the slopes of tangents passing through a wave crest and vertical drop will be (d = 0). The slope of the wave midpoint of the tangent will be evaluated with (d = max). As the slope rates on each point of the wave get minimal values compared to the speed of ð _ yÞ, (V 0 ), the expression could approximately be calculated with:
correlation. It is acquired from Fig. 5 , through the equation of the rake angle alteration of the tool.
The value of (r c01 ) rake thickness rates could be acquired from the formerly performed static cutting tests and rake thicknesses measured for various improvement rates in accordance with work piece material. By this assumption, as the shear angle for (1/4) period of tool vibration will be as follows:
and as (d) values will be the symmetric of the former half period for the other half period of the wave on the processed surface, (u 0i ) values will also be altered to symmetric. By this way, according to (a lim ) determined for various lower spindle speeds acquired by cutting tests in Eq. (4), (f su ) are obtained. Since the chatter frequencies obtained by cutting tests are constituted above the states of the natural frequency of the dynamic cutting system dominant mode, cutting system could be approved to be chattered on this dominant mode. Thus the dynamic cutting system could be assumed as a degree of freedom and gain (f sp ) values from Eq. (2). The decomposed (f sT ) values, acquired from various materials and conditions in Table 3 of this  study and Table 3 of study [15, 16] are given in Table 4 .
Since the dominant mode on turning system will be in (x) direction of the advancement of the dynamic cutting system, it is taken as ð _ yðtÞ ffi 0Þ and could be written as follows: m x € xðtÞ þ c tsx _ xðtÞ þ k x xðtÞ ¼ F esx ðxðtÞ À xðt À sÞÞ ð8Þ Hereby (c x ) is a value obtained by modal analysis tests and it is well known. The analysis of (c ux ) could be obtained through operating the procedure between Eqs. (5) and (7).
Verification of process damping ratios
The verification of PDR also means the verification of (f sT ) and PDM used for obtaining (f su ) and (f sb ) values that constitutes the total process damping. This verification process could be achieved through the verification of (C) in Eq. (6) of [15] . The (C) value is used for obtaining static and dynamic coefficients in [15, 16] . Also, verification of specific cutting resistance constant (f sp ) could be investigated by Eq. (26) of [15] . By this way both of the operation procedures that affect the forming of (f sT ) for stable cutting depths (a lim ) should be verified. The energy equations between the tool-workpiece and equations of the developed PDM are used for this purpose. An energy production respectively occurs in the directions of (X) and (Y) by dynamic force components on the vibrating tool. The total energy of cutting system on both directions occurs than sum of ploughing (E px , E py ) and non-ploughing (E x , E y ) energies. These non-ploughing (E x , E y ) energies occur from the tool oscillation. These energies produced could be given together with the equations below:
F x and F y from Eqs. (3) and [15, 16] , they are as follows:
Here, benefiting from the trigonometric correlations they could be written as follows:
where x is chatter frequency of the cutting system (rad/s).
From Eqs. (10) and (11):
where F esx = Àa lim K f , F esy = Àa lim K t , A x and A y are amplitudes of the cutting tool on the X and Y directions respectively.
These amplitudes are obtained by time domain simulation as in [15, 16] , e is the phase shift between the inner and outer waves and w is the phase shift of the structure's transfer function. On condition that they are substituted in Eq. (9), the energy equations could be reproduced on both directions arising from the tool oscillation, as follows:
Considering the immersion of the tool, the calculation of ploughing energies arising from the ploughing could be expressed as follows:
Here, on condition that ð 2p
x Þ limit is taken as a sinusoidal curve on wavy surface of the tool, the tool will plough only on the half period of this curve. The total energy of the system on both directions will equate to sum of ploughing (E px , E py ) and non-ploughing (E x , E y ) energies.
And as well, the total kinetic energy of the system is as follows:
where L is the attach length of the cutting tool (m). Thereby (E x,y ) cutting energies, constituted from the cutting 
Here, (Dx) values for turning, and (Dx, y) values for milling gain values up to the period of (1/2) displaced of cutting tool as seen in Fig. 5 . While obtaining the value of (E x ) from Eq. (13), considering that the tool vibrates only in one mode (or dominant mode) during cutting, the equation becomes:
where (A y = 0) of this equation is taken. Here it is taken as [15, 16] . By this way, Eqs. (17) and (18) ) is the material constant angle corresponding to results of the dynamic cutting tests and constant value, which is necessary for the research of verification of the PDM. These values of (C Ã ) are compared with (C) values which are formerly calculated. In the feed direction, ðk sx Þ static cutting coefficient is written as follows:
Hence, the material constant term corresponding to results of the cutting tests could be written as:
By this way, the specific cutting resistance constant shall be verified for the research for the verification of the calculation procedure. For that purpose, once (f cx,y (t)) is found in the energy Eq. (14) 
In other words, ðf Ã sp Þ is the specific resistance (N/m 3 ), value of the (V h ), which is the penetration volume to wavy surface of cutting tool (m 3 ), could be obtained as it is described in [15] and Lee et al. [11] . For each workpiece material used in the cutting tests for this study, the comparison parameters are given in Table 5 .
Conclusions
When investigating the results of this study firstly, Table 2 shows that (a lim ) values decreases by decrease of spindle speed and increase of attach length of cutting tool (L). Additionally, it shows that (a lim ) values increase by decrease hardness of the work pieces. After, total PDR values (f T ) for various attach length of cutting tool and cutting speeds are obtained by reverse running analytical calculation procedure of traditional SLD. Table 3 shows that (f T ) increases through increase of attach length of cutting tool and decrease of spindle speed. In that case, the waves on surface of workpiece become sharply pointed by wavelength decreasing according to (L w = n (rpm)/X c (Hz)) equation. Accordingly, as the (f sp ) values increase, (f T ) increases as well which can be observed from Table 3 . Besides it appears that the greatest factor in process damping (f sp ) derives from penetration of the tool into the workpiece when (f T ) in presented PDM are taken into account just like the way in Eq. (2) and through decomposing the process damping rates, as in Table 4 . The value of (f su ) is approximately 1/10 of (f sp ) value. The verification of (f su ) and (f sp ) is determined through investigation the verification of experimental methods and calculation procedure of dynamic cutting model, as in Table 5 . The verification of PDR is also proved by plotted of SLD calculational and experimentally. In order to obtain more convenient PDM form this developed PDM shall be attempt to different materials and tools. By this way, for more diversified conditions, the PDR values could be predicted and SLD could be plotted more accurate. 
